We report a theoretical study of the title four-atom reaction for a wide range of translational energies, considering the reactants in the ground vibrational state and also in some vibrationally excited levels of the HS radical. All calculations have employed the quasi-classical trajectory (QCT) method and a reported double many-body expansion potential energy surface for ground electronic state of HSO 2 . Cross sections as well as specific rate constants for HS elimination are reported and compared with literature data for such processes. To account the zero-point energy problem in QCT calculations, an internal energy quantum mechanics threshold (IEQMT) criteria is used.
are well-established processes [1, 9] , but the fate of the produced HS radical is less clear, and therefore appears the necessity to understand the subsequent oxidation steps to elucidate the route leading to different contaminant environmental events. Between the possible channels leading to the loss of HS radical, one of the main issues is the reaction HS + O 2 → products.
Experimentally, reaction (3) has been studied in several works [10] [11] [12] [13] [14] [15] [16] 17 . A further analysis about these experimental results will be done later.
From the theoretical side, there are some studies of the HSO 2 isomers using ab initio calculations at different levels of theory [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and also by means of DFT [28] . Recently the first global potential energy surface (PES) for the mentioned system was reported [29] . Even when theoretical works [18, 27, 30] have reported rate constants for reaction (3), none of them have used a global PES and showed significant differences in their calculated values. Thus, it is very interesting to carry out calculations to determinate the rate constants of the title reaction using such a PES [29] . Moreover, the global PES allows to carry out calculations for vibrationally excited states of the electronic ground state of reactants, probably a relevant fact for comparison with experiments and for atmospheric chemistry.
Despite vibrationally excited molecules could have an important role in the interpretation of experimental results and in the atmospheric physicochemical modeling, it is not common to find in the literature theoretical studies devoted to the analysis of the effect of internal energy of reactants on chemical reactions. In particular, to our knowledge, no single study of reaction (3) considering vibrationally excited reactants has been reported. A major goal of the present work is therefore to report a quasiclassical trajectory (QCT) study of the reactions:
with different vibrational states (v for HS radical). For this purpose, we employ a realistic single-valued double many-body-expansion (DMBE) PES [29] for the electronic ground state of HSO 2 . Such a methodology should be reliable since the QCT approach treats the problem in its full dimensionality and most of the involved nuclei are heavy. Furthermore, one is interested to carry out calculations for several vibrational levels combinations and the treatment of such a problem with quantum reaction dynamic calculations is virtually prohibitive. The paper is organized as follows. Section 2 provides a brief survey of the HSO 2 potential energy surface, whereas the computational method is described in Section 3. The results are presented and discussed in Section 4, whereas the major conclusions are gathered in Section 5.
Potential Energy Surface
All calculations in this work have employed a six-dimensional (6D) DMBE [31] PES for the electronic ground state of HSO 2 . It employs DMBE functions previously reported for the diatomic and triatomic fragments (see Ref. 29 and references therein) and four-body energy terms to mimic ab initio CASPT2/FVCAS/AVXZ (X = 2, 3) calculations for the tetratomic system. Since it has already been described in detail elsewhere [29] , we focus here on its main topographical features which are of interest for the title reaction.
Minimum energy path for formation of HSO is presented in Figure 1 . For simplicity, the same nomenclature given in a previous paper [29] is used. Thus, TS 3 labels the transition state for the formation of HSOO from HS + O 2 , TS 5 defines the barrier for isomerization HSOO → HSO · · · O. Figure 2 figure) . Although other species may be obtained as products, the above mentioned ones are the more likely to occur under the selected conditions of the present work (see later).
Computational Procedures
QCT method [32] has been used to study the title reaction. To run the classical trajectories we have utilized an adapted version of the VENUS96 [33] code which accommodates the HSO 2 DMBE potential energy surface, described in the previous section. Calculations have been carried for diatomdiatom translational energies in the range 10 ≤ E tr (kcal mol −1 ) ≤ 40, as specified in Table I . In all cases, the initial rotational quantum number of the colliding HS and O 2 molecules have been fixed at their ground level (j HS = j O 2 = 1) and the O 2 molecule kept in its ground vibrational state. The step size of the numerical integrations was 2.5 × 10 −16 s, warranting conservation of the energy better than two parts into 10 5 . In turn, diatomic-diatomic initial separation have been fixed at 9 Å, a value sufficiently large to make the interaction negligible. To select the maximum value of the impact parameter (b max ) which leads to reaction, we have followed the usual procedure by computing batches of 300 trajectories for fixed values of b. This procedure should allow an accuracy in b max of about ±0.1 Å; the calculated values are reported in the third column of Table I . Considering the energetic barriers of the PES for title reaction, batches of 5,000 trajectories have been then run for each translational energy and vibrational combination making a total of about 1.75 × 10 5 trajectories. Such a number of trajectories has been found enough to yield reactive cross sections with an error of typically a few percent. The procedure employed to assign reactive channels is identical to that reported in previous works [34, 35] for other reactive system: when a trajectory reach a configuration corresponding to an specific channel, a product is considered to be formed, and the trajectory is therefore ended. Diatom-diatom collisions may lead to 14 possible channels. As before [36] , we do not consider as distinct channels the various isomers of a given species.
For a given value of the translational energy, the specific reactive cross section for HS lost (or specific total reactive cross section) assumes the form [37] 
with the associated uncertainties being given by [37] is the corresponding reactive probability. From the specific total reactive cross section and assuming a Maxwell-Boltzmann distribution over the translational energy (E tr ), the specific thermal total reactive rate coefficient is obtained as
where g e (T) = 3 ) is a triplet whereas the complex is a doublet, k B is the Boltzmann constant, µ is the reduced mass of the colliding diatomic particles, and T is the temperature. 
Results and Discussion

REACTIVE CHANNELS
reaction. First entry of this table indicates the vibrational quantum number of the HS radical while the studied translational energies are in column 2. In this paper, we are interested essentially in the loss of HS, and therefore the last four columns of the table show values of the specific total reactive cross section and its associated uncertainties, independently of the determined reactive channel followed in the reactive collision.
Considering the energetic barriers of transitions states TS 3 , TS 5 , and TS 4 all channels are closed for low translational energies when vibrational states of the reactants are fixed at the ground levels. For total energies below 28.5 kcal mol −1 , the HSO channel remains practically closed and the only formed species is SO 2 , following the path in Figure 2 , with a relatively small cross section values. For higher total energies, the HSO channel opens (following the path illustrated in Fig. 1 ) and this species becomes the dominant product. Such a result is explained considering that the formation of HSO requires to break and form only one bond, whereas the SO 2 production requires more structural rearrangements (see Fig. 2 ). Contrarily, when the total energy of colliding molecules is above the HS dissociation limit for excited states of the HS radical with vibrational quantum number v = 7 and translational energies greater than 25 kcal mol −1 , the formation of SO 2 dominates, because of the possibility of rupture of the HS radical followed by capture of the S atom by the unbroken O 2 molecule becomes significant. Nevertheless the above mentioned species are the major products of reaction (4); other reactive channels are also energetically allowed, but a detailed analysis of all reactive channels is out of the scope of the present work and will be hopefully reported in the forthcoming paper.
In this work, tunneling will not be considered, and of course a rigorous study of the title reaction requires quantum dynamics calculations, but regarding the characteristics of our PES and the energetic position of the main product here obtained such effect should not affect the final results in remarkable way. More important can be the well-known problem of classical trajectories called zero-point energy (ZPE) leakage. Several strategies divided into two groups: "active" and "nonactive" methods, have been proposed to deal with this problem [41] . In the active methods, a constraint is introduced to prevent the trajectories from entering the region of phase space, which allows vibrational modes to have less than its ZPE. Instead, the nonactive ones follow the genuine QCT approach but discard from the statistics any unphysical trajectory that is found to violate some specified physical criteria. The perturbed statistics may eventually be corrected a posteriori. Clearly, the mentioned procedures are not free from ambiguity and we use in this work only the nonactive internal energy quantum mechanical threshold (IEQMT) [41] method to compare with the pure QCT results. In the IEQMT method, a trajectory is not considered in the statistical analysis unless each molecular product has an internal energy larger than its corresponding ZPE. Thus, some trajectories accounted in QCT calculations, reaching unphysical products with internal energy bellow its ZPE, will be disregarded once the IEQMT criteria is used.
In the fourth and fifth columns of Table I , total and reactive trajectories number according the IEQMT criteria are shown. The sixth column collects the reactive trajectories according to QCT calculations. From detailed analysis of trajectories results shown in Table I , one verifies that reactive trajectories number is little affected by accounting (IEQMT) or not (QCT) ZPE. This result may be rationalized from analyzing the reaction mechanism by following some reactive trajectories step by step. At low translational energies, as we mentioned earlier, the reaction proceeds via path showed in Figure 2 , the newly formed SO 2 has a large vibrational energy, and therefore, the number of reactive trajectories will not be affected by the way used to account ZPE. For higher translational energy, the title reaction is more likely to occur via path in Figure 1 , and therefore, HS bond remains almost as an spectator, keeping its vibrational energy same as in the beginning of the collisional process. However, the SO and OO bonds continue interchanges of energies resulting in a vibrationally excited SO bond when the oxygen atom leaves the moiety. Then the vibrational energy of the products will more likely be above its ZPE. The major influence of ZPE leakage is observed for the nonreactive trajectories when the colliding molecules are not vibrationally excited. Despite disregarding such trajectories from the final statistics might imply that reactivity will be overestimated with respect to the traditional QCT values, we simply discard all trajectories not fulfilling the threshold condition of IEQMT method without any attempt to improve the statistics a posteriori considering that the mentioned criteria retains acceptable statistics and compares well with QCT approximation. Of course, such approach led to upper (IEQMT) and lower (QCT) values for cross section and, then, for rate constants. 
REACTIVE CROSS SECTIONS
We now examine the shape of the excitation functions (cross section vs. translational energy) for any product formation, shown in Figure 3 . Graph (a) of this figure displays obtained results when using the QCT calculations, whereas cross section obtained by using the IEQMT criteria are shown in graph (b). For all initial energetic conditions one observes the common pattern found in reactions which have an energy threshold; i.e., σ r is an increasing function of E tr for translational energies above the value E th tr , while the reactive channels remain practically closed for E tr below the mentioned threshold. As expected, such a threshold decreases when internal energy is added to the reactants.
To analytically describe the dependence of the cross section with the translational energy, we have adopted the form [35] 
To consider the effect of internal energy we have now introduced the polynomials
where
( 1 1 ) The parameters and coefficients in Eqs. (8)- (10) have been determined from two least-squares fitting procedures, one for vibrational quantum number v = 7 when the formation of SO 2 is dominant and the other for remained combinations of vibrational quantum numbers for which the major product is the HSO; their optimum numerical values are reported in Table II . The resulting fitted functions are shown together with the calculated points in Figure 3 . It is seen that the model reflects the general trends of the calculations. Note that the representation depends only on the internal energy of the reactants species, but not on any specific model that express the dependence of the internal energy with the quantum numbers. For a more detailed model, one would need further trajectory calculations covering a wide range of rovibrational states of the reactants. Of course, experimental information would also enlighten this topic. Note also that there are no qualitative differences between curves in graphs (a) and (b) of the Figure 3 , but curves in graph (b) obtained with the IEQMT approach show values of the reactive cross sections slightly higher that those in graph (a) calculated with the QCT method.
By substitution of Eq. (8) in Eq. (7) and performing the integration analytically, the specific reactive thermal rate coefficient k where is the gamma function. Figure 4 shows the function in Eq. (12) for vibrational quantum numbers 0, 1, 3, 5, and 7 of the HS radical. In graph (a) of Figure 4 have been included curves obtained with the QCT approach, whereas graph (b) has curves calculated with the IEQMT approximation. These graphics exhibit only small quantitative difference. As expected, all curves follow a similar pattern. At low temperatures they have small values, which are then rapidly increased when temperature is raised. The specific thermal rate coefficients increase with the initial vibrational state existing a difference of several orders of magnitude between these curves for low temperature. For high temperature the curves approach each other with a tendency to a plateau.
Coefficient cross section QCT
For completeness, we show the Arrhenius curves in Figure 5 . The calculated vibrationally averaged thermal rate coefficient is given by We now turn to the available experimental data [10] [11] [12] [13] [14] [15] [16] . As was already mentioned, only upper limits have been experimentally reported for the title reaction at room temperature. Such results have been also included in Figure 4 . The IUPAC recommended value for the rate coefficient is the lowest upper limit obtained by Stachnik and Molina [15] in a flash photolysis/UV absorption study of the reaction of HS radicals with O 2 . The source of HS radicals in this experiment was the photodissociation of H 2 S with pulsed ArF excimer laser emission at 193 nm. Despite, as was admitted by the authors of this work, the H 2 S radical has high quantum yield of HS(v = 0) at 193 nm, HS radicals in other vibrational states are also produced under the same experimental conditions [2] [3] [4] [5] [6] [7] [8] . Thus, it could be interesting to consider the possible participation in the reaction of such vibrational excited radicals. The relative high pressure of oxygen (730 Torr) utilized in this experiment is not a warranty of quenching because the reactive and relaxation processes are competitive ones and the final result depends on the ratio of rate coefficients of both processes, but unfortunately we are unaware of works devoted to relaxation studies of vibrationally excited HS by O 2 .
Rate coefficients for the title reaction at high temperature were reported in Ref. 17 , and they have been included in Figures 4 and 5 . In this study, the HS radical was produced also by laser photolysis at 193 nm of a mixture of H 2 S and O 2 highly diluted in Ar. Note that with the indicated wave length the O 2 is also photolyzed. Note also that the situation allows an effective production of vibrationally excited HS radicals. In these experiments, the rate constants were measured by monitoring the time dependencies of both O and H atoms assuming the HSO + O as dominant products. Under these experimental conditions an overestimation of rate constant values could be expected and, as was admitted by the authors, "the accuracy of the rate constants obtained in this study is not clear" [17] . We want to remark the good agreement of the experimental results with our evaluation of rate coefficients for the highest vibrationally excited HS radicals showed in graph (a) of Figure 4 for which is obtained the most intensive reaction, although graph (b) shows that reported coefficients at high temperature lies above calculations. Such a result is consistent with the previous analysis leading to the criteria of an experimental overestimation of the rate coefficients at high temperatures. At room temperature there exists agreement between our average rate coefficients and the IUPAC recommended measurements by Stachnik and Molina [15] considering that it is an upper limit for rate coefficient.
In a theoretical study by Goumri et al. [18] , the G2 method and RRKM theory were used to analyze the rate constant for reaction (3) . An evaluation of the reverse reaction leads to a bimolecular rate constant of 2.3 × 10 −14 cm 3 s −1 [30] , which is much larger than the rate constants provided experimentally. More recently the mentioned reaction was investigated using single-and multi-reference theoretical techniques [30] . In such a work, authors conclude that dissociation of HSOO into HSO+O and H+SOO are very endothermic and nonspontaneous processes; therefore, they may be neglected at atmospheric conditions. Moreover, authors indicate that H + SO 2 is not produced in the reaction of HS+O 2 because they found that it is not a one-step process. For the ground vibrational state we have arrived to similar conclusions: the major product is the HSO radical and the specific rate coefficients for relevant atmospheric temperatures are extended in the interval of 1.0 × 10 −32 to 1.0×10 −26 cm 3 s −1 . However, our calculations led to very different results for vibrationally excited HS radicals, and thus we could support theoretically the relative high experimental values reported in the work by Stachnick and Molina [15] . In relation with the processes occurring in the atmosphere they must be analyzed carefully because events with a very low reactive cross section in normal conditions, due to having a high endoergicity, could be relevant for the study of atmospheric chemistry considering the existence of vibrationally hot species under conditions of nonlocal thermodynamic equilibrium makes possible the occurrence of endoenergetic reactions which would not be possible otherwise [42] . The next work will be addressed to that problem.
Conclusions
A theoretical study of the title reaction was carried out by means of QCT method, for a wide range of translational energies of the reactants. The use of a global PES for HSO 2 allows to explore the reaction mechanism. SO 2 and HSO were the most obtained species, with significant differences on their rate coefficients. The latter is the most favored product once it is energetically reachable. Influence of the vibrational excitation of HS radical on the reaction was accounted by carrying out calculations for different vibrational quantum numbers (v = 0, 1, 3, 5, 7). Cross sections were reported. The title reaction shows a barrier-like behavior. A model to account the internal energy of the reactants was also presented. ZPE leakage was considered by demanding the internal energy of each of the products to be above their respective ZPE, and disregarding all trajectories not fulfilling such a condition. Rate coefficients were analytically obtained and compared with values reported in literature. The vibrational energy of HS plays a significant role, and the good agreement of rate coefficients here reported with the recommended values in literature is obtained when vibrationally excited populations of HS are considered. These results could point out to the necessity of to consider the vibrational excitation of HS radicals for understanding experimental data. The relevance of the mentioned issues for atmospheric chemistry requires a more detailed analysis including the evaluation of relaxation processes.
